The process of elastic scattering of neutrons by nuclei is known to have a considerable contribution from the interference between a (strong) nuclear amplitude and an electromagnetic one in a region of small scattering angles, resulting in spin asymmetries of the cross section or polarization of the scattered neutron. It was pointed out by J. Schwinger that this interference depends on the transverse polarization of the neutron and on an imaginary part of interference between the nuclear and electromagnetic amplitudes.
The process of elastic scattering of neutrons by nuclei is known to have a considerable contribution from the interference between a (strong) nuclear amplitude and an electromagnetic one in a region of small scattering angles, resulting in spin asymmetries of the cross section or polarization of the scattered neutron. It was pointed out by J. Schwinger that this interference depends on the transverse polarization of the neutron and on an imaginary part of interference between the nuclear and electromagnetic amplitudes.
In this paper we study such a Schwinger scattering of the twisted neutrons, i.e. neutrons carrying an orbital angular momentum projection with respect to the propagation direction, and identify several novel effects. Namely, for bulk targets we predict altered angular distributions for scattered neutrons, which may provide additional tools for experimental studies. If the incident twisted neutrons are in superposition of states with different angular momenta, then scattering in the bulk target reveals dependence on the longitudinal spin polarization of the beam and an imaginary part of the nuclear amplitude. For single atoms and sub-wavelength sized mesoscopic targets we predict that the scattering probability and strong-electromagnetic interference terms develop additional dependence on the incoming neutron's helicity and on the real part of the nuclear amplitude, providing an access to both magnitude and phase of the latter. We evaluate the new spin asymmetries to be measurable at existing neutron facilities. Thus, scattering of twisted neutrons by nuclei can become a new tool for hadronic studies and nuclear physics at low energies.
Introduction: Schwinger scattering of neutrons -In 1948 J. Schwinger [1] considered the elastic scattering of the non-relativistic neutrons by a nucleus with the charge Ze, and demonstrated that the final neutrons become spin-polarized as a result of scattering. Here we remind the principal points of the calculation. Let the state of the initial neutron with the momentum p be described by the wave function w e ipr/h , where w = w (λ) (n) is the spinor with helicity λ normalized by the condition w † w = 1. The final neutron state corresponds to the wave function w e ip r/h . We neglect target recoil, so that p = p . Further, we introduce the unit vectors n = p/p and n = p /p with the spherical angles θ, ϕ and θ , ϕ . The corresponding scattering amplitude has the form (see, for example, Ref. [2] , §42)
were σ are the Pauli matrices describing the neutron spinŝ = 1 2 σ, µ n = −1.91 and m p is the proton mass. Here, a is the nuclear scattering amplitude while iBσ relates to the electromagnetic interaction of a neutron with a nucleus. Interference of these amplitudes in the differential cross section allows for important measurements of a phase of the nuclear amplitude. For thermal neu-trons with energies near 25 meV and 197 79 Au nuclear target (a=7.63 fm [3] ), the relevant parameters are ε ≡ |β/a| ≈ 0.03, |(Im a)/a| ≈ 2 · 10 −4 .
(2)
The differential cross section of this process summed over spin states of final neutrons and for the case when the vector n is directed along the z-axis (i.e., n = e 3 = (0, 0, 1)) has the form dσ (st) (e 3 , n , ζ)
It depends on the transverse spin polarization of initial neutron ζ ⊥ = ζ ⊥ (cos ϕ ζ , sin ϕ ζ , 0), but not on longitudinal spin polarization ζ z , i.e. it does not depend on helicity of the initial neutron λ. In the region of small scattering angles, θ → 0, the second term on r.h.s. of this equation has an Coulomb-like angular singularity of the type (1/θ ) 2 while the third term, that depends on ζ ⊥ , has a singularity of the type 1/θ . Schwinger [1] originally derived the formula Eq.(3) for the polarization of the scattered neutron, but due to the time-reversal invariance this single-spin correlation is the same for either initial or final neutron polarization. Note that the above spin correlation averages to zero after integration over the azimuthal angle ϕ of the final neutron. For the detailed calculations on different nuclei that include electron screening arXiv:1903.12245v1 [nucl-th] 28 Mar 2019 of nuclear Coulomb field, see Ref. [4] . For higher energies at RHIC hadron collider, a similar effect of spinflip/nonflip Coulomb-nuclear interference [5] provided a method to measure proton beam polarization at multi-GeV energies [6] , presently known as "CNI Polarimetry".
Scattering of twisted neutrons by a macroscopic target -Our main focus is to identify novel features of the cross section and spin asymmetries in Schwinger scattering, provided that the incident neutrons are in a twisted quantum state, i.e. they carry an orbital angular momentum along the beam direction. Such beams were extensively studied both theoretically and experimentally for electrons, see Ref. [7] for review. As far as neutrons are concerned, beams of twisted cold neutrons with the energy E = 11 meV were obtained experimentally at NIST [8] . Methods for generation of twisted neutrons were further developed in Ref. [9] . Just as the vortex electrons, such twisted neutrons bring about new degrees of freedom into the neutron optics, material studies, and to hadronic and nuclear physics at low energies, allowing one to develop diagnostic tools unavailable with the customary plane-wave neutrons.
For cold and thermal neutrons, screening of nuclear Coulomb field by atomic electrons has to be considered (see, e.g. Ref. [4] ), but at this stage we choose to work with an unscreened potential as in original Schwinger's paper [1] . For calculations below we use the theoretical approach developed in Ref. [10] for scattering of twisted spinor particles. In particular, we assume that the incident twisted neutrons propagate along the quantization (z) axis and have well-defined values of (i) the longitudinal linear momentum p z , (ii) the magnitude of the transverse momentum |p ⊥ | ≡hκ, and (iii) the projection of the total angular momentum J z = m, where m is half-integer. Such a Bessel state has, moreover, the definite energy E = (h 2 κ 2 + p 2 z )/(2m n ), with m n being the neutron mass, and helicity λ. This state is described by the wave function of the form:
As seen from this expression, the wave function ψ κmp z λ (r) can be considered as a coherent superposition of the plane waves w (λ) (n) e ipr/h , weighted with the amplitude
The momenta of these plane-wave components, p = (p ⊥ , p z ) = (hκ cos ϕ,hκ sin ϕ, p z ) , form a surface of a cone with an opening angle θ = arctan(hκ/p z ).
The position-space wave function Eq.(4) is highly nonuniform in the transverse plane; it has a well- defined central axis that is characterized by a phase singularity (see, e.g., Refs. [7, 10] ). Let us consider neutron scattering on a conventional thin-foil target that we can describe by an ensemble of atoms uniformly distributed over a large transverse extent (compared to beam's transverse dimensions), that we call a macroscopic target. If this target is thin, so that one can neglect neutron's multiple scattering and attenuation, the differential cross section for the scattering of twisted neutrons can be obtained by averaging over atoms' positions in the target w.r.t. the beam axis. Such an averaged cross section dσ/dΩ is simply related to the standard cross section (see Sec. B3 in [10] )
After integration over twisted neutron's azimuthal angle ϕ, we obtain
This cross section is also independent of ζ z and it coincides with the standard one (3) in the limit θ → 0. The obtained cross section has the angular singularity of the type 1/|θ − θ| at θ → θ, contrary to the standard cross section, which has the singularity at θ → 0. This feature of the cross section with twisted neutrons may provide a new tool for experimental analysis of small-angle neutron scattering. Indeed, due to this property, the singular region is shifted from the small angles θ → 0 (which are difficult to access experimentally) to larger angles θ → θ which can be controlled by the conical angle θ of the initial twisted neutron. In Fig. 1 we present functions
where R em corresponds to relative contributions of the electromagnetic interaction of a neutron with a nucleus and R int corresponds to interference of the electromagnetic and nuclear amplitudes. The magnitude of the asymmetry in this case is determined by an imaginary part of nuclear amplitude Im(a), as in original Schwinger's result, but the angular distribution is significantly altered: the asymmetry experiences a step-like drop for the scattering angles θ ≤ θ.
Macroscopic target. Superposition of two Bessel beams with different angular momenta -In the calculations above we have assumed that the incident neutrons are prepared in a pure quantum state with the well-defined projection of the total angular momentum m on the propagation (z) axis. Let us consider now a coherent superposition of two Bessel states with different projections m 1 and m 2 , but with the same helicity λ and the same beam axis. Such a superposition is described by the wave function:
With the help of this expression we find
where s = sin θ, c = cos θ, s = sin θ , c = cos θ and γ = (ϕ − π/2) ∆m + ∆α,
e 1 = (cos ϕ , sin ϕ , 0), e 2 = (− sin ϕ , cos ϕ , 0), e 3 = (0, 0, 1), e i e k = δ ik .
In contrast to Eq. (7), derived for a single-m incident beam, this cross section depends on the differences of the total angular projections, ∆m = m 2 − m 1 = 0, and phases, ∆α = α 2 − α 1 , of two twisted states. Such a ∆m-(as well as ∆α-) dependence translates directly into the angular and polarization properties of scattered neutrons. In particular: (i) The above differential cross section depends not only on neutron's transverse polarization ζ ⊥ , but on the longitudinal polarization ζ z , as well. It leads to the following longitudinal polarization asymmetry:
The longitudinal asymmetry Eq.12 can be estimated to be of the order of A ζ z ∼ 0.01 Im (a)/|a| for the scattering angles in the same range as twisted neutron's conical angle θ ≈ θ. For thermal neutrons and gold nuclear target (see Eq. (2)), the predicted longitudinal asymmetry is at a few ppm, that is in a range currently accessible to experiments on hadronic parity violation [11] .
(ii) The differential cross section (10) averaged over the azimuthal angle ϕ of the final neutron depends on ζ ⊥ and Im a at ∆m = ±1, but it is independent of the longitudinal polarization. It has the following form:
where
(14) for ∆m = ±1, and C = 0 otherwise. If the initial neutron is unpolarized, then the polarization after scattering is
From Fig. 2 one can see that | ζ | ∼ 0.1 |Im a| |a| for θ ≈ ε, i.e. the predicted effect is in tens of ppm for the thermal neutrons scattering off the gold target (see Eq. (2)).
Scattering of twisted neutrons by a single nucleus or a mesoscopic target -Let us consider the case when twisted neutron moves along the z-axis and scatters by a single nucleus located in the transverse (xy) plane at a definite impact parameter b = (b x , b y , 0) = b (cos ϕ b , sin ϕ b , 0). Using the initial-state wave function for incoming twisted neutrons (4), and the amplitude of Eq.(1), we find the scattering amplitude:
In this equation we introduced the exponential factor exp(ip ⊥ b/h) to specify the lateral position of the scatterer nucleus with respect to the central (z) axis of the incident neutron beam. The angular distribution of the scattered neutrons can be obtained by squaring this amplitude.
Let us consider such a distribution summed up over helicities of final neutrons and averaged over the azimuthal angles of the final neutrons. It can be expressed via quantities
and the Bessel function of the first kind J n (z) as follows:
. As a result we obtain a nonzero helicity asymmetry defined as
Representative calculations of the angular distributions for the scattered neutrons are plotted in Fig. 3 for 0.5 197 79 Au nucleus as a function of nucleus's position b given in terms of dimensionless parameter κb. The scattering angle is chosen θ = 0.03 rad for which electromagnetic and strong amplitudes give equal contributions to the cross section of conventional (non-twisted) neutrons. One can see in Fig. 3 that the electromagnetic contribution becomes dominant in the beam center (b →0), where interference between electromagnetic and strong amplitudes is most pronounced.
We remind that the standard result (3) for the neutron spin correlation is due to the interference term which depends on the transverse polarization of the initial neutron and on the imaginary part of the nuclear amplitude a of Eq. (1); this term disappears after averaging over the azimuthal angle ϕ of the final neutron. In contrast to the standard case, the above interference term for the twisted neutrons depends on the helicity of the initial neutron and on the real part of the nuclear amplitude a after the azimuthal averaging. These new features survive in the case when a neutron beam is incident on a well-localized sub-wavelength sized mesoscopic atomic target that can be described as an incoherent ensemble of scattering centers. Further integration over the nucleus position w.r.t. the neutron vortex center b reduces to zero the contribution of the real part of the interference between the nuclear and electromagnetic amplitudes, leading to the previously described results on a macroscopic target.
Conclusion -We considered Schwinger scattering of the twisted neutrons on nuclei, i.e. in the kinematic region affected by the spin-orbit interference between electromagnetic and strong interactions. In particular, we observe that polarization effects and angular distri-butions of scattered neutrons acquire new features originating from the orbital angular momentum of the incoming twisted neutrons. For the scattering in the bulk material or thin films (referred to as a macroscopic target), we found that angular dependence is altered, with Coulomb-like singularity shifted toward the scattering angles θ matching the conical angle θ of the twistedneutron state. If the twisted neutrons are obtained from a superposition of states with different angular momenta, then scattering off macroscopic targets reveals dependence on the longitudinal spin polarization of the beam and an imaginary part of the nuclear amplitude; remarkably, in this case the transverse polarization correlation survives even after integration over azimuthal angles of the scattered neutrons. Further, considering scattering on a single nucleus or a well-localized (subwavelength size) mesoscopic target, we found that the polarization asymmetries become dependent on the helicity of the incident neutrons and a real part of the interference between the electromagnetic and nuclear amplitudes.
Longitudinal-and helicity-dependent single-spin asymmetries of elastic scattering of conventional neu-tron (or electron) beams violate spatial parity, and therefore they are used as a tool to study parity nonconservation in the nuclear force [11] . Spin asymmetries predicted in this work do not violate parity, since they in addition involve correlations with an orbital angular momentum of the incident neutron beams. However, experimental methodology of studying parity-violating neutron scattering may be productively used for novel spin effects of the twisted-neutron scattering. Evaluations of these effects for specific experimental conditions will require inclusion of electron screening of nuclear Coulomb field, similar to the work done in Ref. [4] . In view of the recent progress in generation of twisted neutron beams at NIST Center for Neutron Research [8, 9] , corresponding measurements could be performed at existing experimental facilities.
Novel polarization observables predicted in this work for neutron scattering can be extended to electron scattering. Such measurements with electrons can be done due to newly developed experimental techniques for twisted electron beams [7] .
